Int. J. Adv. Sci. Eng. Vol.9 No.3 2848-2856(2023) 2848 E-ISSN: 2349 5359; P-ISSN: 2454-9967 


Investigation into Ultra-High Molecular Weight 
Polyethylene/Modified Nano-Zinc Oxide Nanocomposites 


Haydar U. Zaman*!, Ruhul A. Khan2 
1National University of Bangladesh and Senior Researcher of Institute of Radiation and Polymer 
Technology, Bangladesh Atomic Energy Commission, Savar, Dhaka, Bangladesh 
2Institute of Radiation and Polymer Technology, Bangladesh Atomic Energy Commission, 
Savar, Dhaka, Bangladesh 


ABSTRACT: It is easier to exhibit appropriate mechanical and chemical properties when nano-zinc 
oxides are introduced to polymers as reinforcement, generating a completely flexible designed 
composite. Polymer mixtures are a vital component in the management of novel materials, which 
excel above net polymers in terms of characteristics. Polymer blends are able to provide substances 
with long-lasting beneficial properties, which is different from what can be achieved with a single 
polymer equivalent. In this study, modified zinc oxide nanoparticles (nZnO) reinforced ultra-high 
molecular weight polyethylene (UHMWPE) reinforcement was tested to see how varied filler loadings 
(0.1-0.7 wt %) would affect the mechanical, melt rheological, and antibacterial performances. 
UHMWPE and 3-aminopropyltriethoxy silane-modified nano-ZnO were combined to create 
UHMWPE/nZn0O nanocomposites utilizing a dry mechanical ball mill and compression molding. The 
study's conclusions revealed that the UHMWPE nanocomposites' mechanical properties were 
improved by the addition of modified nano-ZnO. The tensile properties, such as compressive strength, 
tensile strength, compressive modulus, elongation at break, and Vickers microhardness, were altered 
by the concentration of modified nano-Zn0O. As filler loading was increased, the compressive strength 
and modulus, tensile modulus, and Vickers micro-hardness of nano-ZnO/UHMWPE composites all 
improved. When nano-ZnO was added to UHMWPE, the tensile strength and elongation at break were 
yet reduced. The maximum tensile strength and elongation at break were achieved with modified 
nano-ZnO at a concentration of 0.5 wt%. The nanocomposites showed promising antibacterial activity 
when tested against Escherichia coli and Staphylococcus aureus. The low doped level of modified nano- 
ZnO in the UHMWPE matrix led to a little increase in the melt viscosity of the composites. 


KEYWORDS: Nanocomposites,UHMWPE, modified nano-ZnO, antibacteria, mechanical properties, 
melt viscosity 


https: //doi.org/10.29294 /IJASE.9.3.2023.2848-2856 ©2023 Mahendrapublications.com, All rights reserved 


INTRODUCTION 


Many modern high-tech engineering materials 
are made of polymers with a range of 
reinforcements, such as short fibers, minerals, 
organic compounds, and inorganic elements. 
These polymer composites have a number of 
advantages over metals and ceramics, including 
simplicity of manufacture, light weight, low cost, 
and comparable mechanical strength. Ultra-high 
molecular weight polyethylene (UHMWPE), one 


of the most significant commercialized 
polymers, has a number of high-performance 
and unique characteristics, including 


biocompatibility, chemical inertness, excellent 
impact strength [1, 2], and the highest abrasion 
resistance in comparison to other 
thermoplastics [3].It began to eclipse traditional 


PE in popularity when Sir John Charnley used it 
as an implant material for human joints for the 
first time in 1970. UHMWPE components are 
used as human joint implants to successfully 
treat a variety of joint diseases, such as 
rheumatoid arthritis and osteoarthritis. Along 
with the components of artificial implants, it is 
extensively used in other industrial applications 
such as engineering bearing, valve, vehicle 
parts, etc. Its low surface hardness, insufficient 
creep resistance, and low elastic modulus 
continue to be major problems despite their 
increased attention. 


Since they typically exhibit morphological, 
mechanical, and thermal features, organic- 
inorganic composites have recently attracted 


*Corresponding Author: haydarzaman0O7@gmail.com 


Received: 10.12.2022 


Accepted: 28.01.2023 


Published on: 04.02.2023 


Haydar U Zaman & Ruhal A Khan 


International Journal of Advanced Science and Engineering 


www.mahendrapublications.com 


A TOILYVY HOUVASHY 


Int. J. Adv. Sci. Eng. Vol.9 No.3 2848-2856(2023) 2849 


the attention of scientists. This interest has been 
largely focused on nanocomposites. Modifying 
polymers using inorganic particle fillers might 
enhance their mechanical and_ thermal 
properties while also on occasion bringing 
down their price. The properties of the 
composites are significantly influenced by the 
size, shape, type, surface characteristics, and 
degree of dispersion of the organic/inorganic 
fillers [4-7]. A new path has been opened up for 
the advancement of polymer technology with 
the addition of inorganic nanoparticles to 
polymers. Inorganic nanoparticles can 
significantly alter the mechanical properties of 
the polymer matrix due to their high surface to 
volume ratio and _ other advantageous 
characteristics like thermal and_ electrical 
conductivity. As a result, as compared to 
traditional polymer additives, it offers more 
advantages in terms of its physical, mechanical, 
and other functional properties. Inorganic 
nanoparticles including ZrO2[8], SiO2[9], CuS 
[10], ZnO [11], CuO and TiO2[12] have been 
reported to improve the mechanical and 
tribological properties of polymer matrix 
materials. The primary determining factors of 
the properties of particulate-filled polymer 
composites are the filler types, filler loading, 
and interactions between the filler and matrix 
[13]. One of the multifunctional inorganic 
nanoparticles, nano-ZnO, has received more 
attention lately. Because of the substance's 
many notable’ physical and _ chemical 
characteristics, including its high chemical 
stability, low dielectric constant, high 
electromechanical coupling coefficient, high 
luminous transmittance, high catalytic activity, 
intense ultraviolet and infrared absorption, etc. 
Therefore, nano-ZnO can be utilized to create 
UV-blocking materials, [14], semiconductors 
[15], varistors [16] , gas sensors [17], 
piezoelectric devices [18], and_ catalysts 
[19],among other things. Exceptional strength, 
toughness, electrical conductivity, optical, and 
bacterial resistance characteristics are found in 
ZnO, a recently discovered reinforcing material 
[20-22]. The incorporation of nano-ZnO into 
polymers may improve their mechanical and 
optical properties because of the potent 
interfacial interaction between the organic 
polymer and the inorganic nanoparticles, the 
nanoparticles' enormous specific area and small 
size, as well as the quantum effect. Because of 
this, these nanocomposites could be applied to a 
variety of various things, such as coatings, 
rubber, plastics, sealants, textiles, and more [23, 
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24].Several researchers have conducted a great 
deal of study on nano-ZnO-reinforced polymer 
composites. According to studies on micro- and 
nano-ZnO-filled polypropylene (PP) composite 
by Subramani et al.,[25], ZnO demonstrates 
exceptional antibacterial action against two 
different human pathogenic bacteria, the 
Staphylococcus aureus(S.aureus) and _ the 
klebsiella pneumonia.With the addition of a 
small amount of ZnO nanoparticles, Li et al. [26] 
observed that linear low-density polyethylene 
(LLDPE) film's mechanical properties had also 
enhanced with the addition of a modest amount 
of ZnO nanoparticles. ZnO nanoparticles are 
crucial in a variety of polymer matrixes, as other 
studies have conclusively shown [11, 27, 28].It's 
interesting that nothing has been reported 
regarding how  ZnO-nanoparticles alter 
UHMWPE's properties. In order to increase 
UHMWPE's suitability for biomedical 
applications such artificial joint replacements, 
ZnO-nanoparticles, which are widely known for 
being biocompatible materials and antibacterial 
agents, could be added. 


UHMWPE enhanced with ZnO nanoparticles 
was created in this study using a dry mechanical 
ball mill and compression molding. To improve 
the compatibility of nano-ZnO and UHMWPE 
matrix, 3-aminoproplytriethoxysilane was used 
as a coupling agent. Investigations were made 
to determine how the changing nano-ZnO 
concentration influenced the mechanical, melt 
rheological, and antibacterial performances of 
the composite films. 


EXPERIMENTAL 
Materials Used 

The molecular weight of the UHMWPE grade 
GUR 4120, which has a density of 0.93 g/cm, is 
5 x10 g/mol, and it was purchased from 
Tianjin Petroleum & Chemical Corporation in 
China. Commercially available ZnO 
nanoparticles from the Nanjing, China-based HT 
Nano-materials Corporation were used in their 
precise form, with an average diameter of 
roughly 50 nm. The Shuguang chemicals firm in 
Nanjing, China, created 3- 
aminopropyltriethoxysilane (CoH23NO3Si), a 
surface modification. The other reagents, 
analytical-grade items, were purchased from a 
chemical supply shop. 


PROCEDURES 
UHMWPE/Nano-ZnO Nanocomposites 
Fabrication 
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Figure.1 depicts the surface modification 
procedure for ZnO nanoparticles.Silane-treated 
ZnO nanoparticles were produced after being 
oven at 100°C to dry them out. Using a dry 
mechanical ball mill, ZnO nanoparticles were 
combined with UHMWPE at various filler 
loadings ranging from 0 to 0.7 wt%. The milling 
procedure took 4 hours to finish, with 2 hours 
spent in each of the clockwise and 
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counterclockwise directions. The mixture was 
then put to a 90 x 90 x 9 mm? mold after 
mixing.The samples underwent a 10-minute 
preheating period and a 15-minute hot pressing 
process at 160°C.The nano-ZnO/UHMWPE 
composite was produced after cooling to 
ambient temperature. After that, the composites 
were trimmed and cut into the proper 
dimensions for testing. 


Silane(1-2 wt%) + 


ethanol-water 
(95:5) mixture 


Refluxed at 
80°C for 8 hours 


ZnO colloidal solution was 
separated by centrifugation |__» 
at 3000 rpm for 15 minutes 


Adjust the PH value 
of the solution to 


Stirred for 3 
— 
hours 


Washed several 
times with ethanol > 


Stirred for1 
hour 


Add appropriate 
amount of ZnO into 
the solution 


Dried in oven 


at 100°C 


Figure 1: Surface of the nanoparticles has been coated with ZnO 


CHARACTERIZATIONS 
Measurement of Mechanical Features 


To assess the mechanical characteristics of 
the pure UHMWPE and nano-ZnO/UHMWPE 
composites, compression, tensile, and micro- 
hardness tests were performed. Using an 
Instron 3360 universal testing machine, 
compression and tensile tests were conducted. 
Compression samples had a 9 mm x 9 mm x 25 
mm? size with a 25 mm compression length 
(1).All of the samples had an average |/d ratio of 
about 2.8, which causes a double-barreling 
deformation. Unless an early failure occurs, all 
tests were conducted with a crosshead speed of 
5 mm/min up to a compression displacement of 
10 mm. The stress-strain curves were used to 
calculate the mean and standard deviation of 
compressive strength and modulus for five 
samples. Tensile test results were calculated 
using ASTM D638 (Type IV) with a 5 mm/min 
crosshead speed. The stress-strain graphs were 
used to calculate the mean and _ standard 
deviation of the tensile strength, tensile 
modulus, and elongation at break for 5 samples. 
The Shimadzu micro-hardness tester Type-M 
was used to conduct the micro-hardness test. 


From the following equation, the Vickers micro- 
hardness number (Hmy) was determined: 


P 
Hy = 1854.4 43 (1) 


where d is the diagonal length measurement of 
the pyramidal indentation on the sample 
surface (um), and P is the test load on the 
diamond indentor (g). The test load for the 
micro-hardness indentation on the sample's 
surface was 50 g, and the indentation time was 
10s. For the purpose of calculating the mean 
and standard deviation, each sample was 
subjected to a total of six measurements. 


Morphological Observation 

Scanning electron microscopy was used to 
analyze the nanocomposites’ morphology (JSM- 
6380 SEM, JEOL Ltd., Tokyo, Japan). Before 
analysis, the samples were sputter-coated with 
gold after being freeze-fractured in liquid 
nitrogen. 


Antibacterial Evaluation 

The plate-counting approach was used to 
assess the antibacterial effects on Escherichia 
coli (ATCC10536, E. coli) and Staphylococcus 
aureus (ATCC6538, S. aureus) [29].To 
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completely eliminate any microorganisms on 
the surface, 70% ethanol was initially used to 
wash the samples (5 cm x 5 cm). After drying, 
0.2 ml of a bacterium solution (2.0-5.0 x 106 
cells per ml) was added to the film surface. A 
UHMWPE film (4 cm x 4 cm) was then applied 
to the surface. These carrier films were stored 
at or below 37°C and at or above 90% relative 
humidity. After 24 hours, the bacteria were 
removed using a 0.80% NaC] solution, and 1 ml 
of this suspension was serially diluted before 
being plated onto nutritional broth agar (NA). 
The bacteria's colony forming units (CFU) were 
counted, and the antibacterial rate (R) was 
determined using the equation shown below 
[30]: 


x100 (2) 


eo, . B-C 
R(%) = B 
where C is the CFU of the antibacterial samples, 
R is the antibacterial rate, and B is the CFU of 
the blank sample. 


Measurement of Capillary Rheology 


Using a capillary rheometer (RH2000, Rosand 
Precision, UK) and shear rates ranging from 20 
to 3000 s1, capillary rheological properties 
were examined at five different temperatures 
(150, 155, 160, 165, and 170°C).The capillary 
had a diameter of 1 mm and a length to 
diameter ratio (L/D) of 35 mm. Prior to 
measurement, the samples were warmed at a 
test temperature for 5 min. By applying the 
standard equation to the experimental data, the 
apparent shear viscosity (na) and apparent 
shear rate (yw) were computed [31].The Bagley 
correction is disregarded since the capillary's 
L/D ratio is 35. For non-Newtonian behavior, 
the Rabinowitsch adjustment was applied. 


RESULTS AND DISCUSSION 
Mechanical Features 


Figure 2 shows the nano-ZnO/UHMWPE 


composites' compressive strength, tensile 
strength, compressive modulus, _ tensile 
modulus, elongation at break, and 


microhardness as a function of filler loading. 
The compressive strength rises for loadings of 
0.1, 0.3, 0.5, and 0.7 wt% nano-ZnO filler, as 
shown in Figure 2(a). The compressive strength 
reaches its maximum value of 52.3 MPa at a 
filler loading of 0.5 weight percent nano-ZnO. 
The increase is nearly 97% more than the 
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strength of pure UHMWPE (26.5 MPa). When 
0.7 weight percent of nano-ZnO is loaded, the 
compressive strength is significantly reduced. 
Compression behavior is a critical factor to take 
into account when deciding which materials to 
utilize for load-bearing systems that are 
constantly under pressure. As a result of the 
samples being squeezed and _ deformed, 
submicroscopic cracks will develop in the 
UHMWPE matrix. The submicroscopic fissures 
in the UHMWPE matrix may be filled by the 
nano-ZnO filler under stress. The inclusion of 
hard fillers will further restrict the chain's 
mobility and deformation due to the frictional 
force of the particles. After the nano-Zn0O filler is 
added, the stress capacity of the composites is 
increased, leading to higher compressive 
strength. The reduction in compressive strength 
at 0.7 wt% shows that agglomeration in the 
composite system is brought on by a decrease in 
the efficiency of stress transfer between nano- 
ZnO and UHMWPE as a result of the reduction 
in filler inter-particle distance at higher filler 
loading.In contrast, as nano-ZnO content is 
raised, the tensile strength of nano- 
ZnO/UHMWPE composites tends to decrease. 
The influence of nano-ZnO reinforcement in 
UHMWPE was less significant under tension 
compared to compression mode. It is well 
known that the tensile strength of polymer 
composites is significantly influenced by the 
adherence of the filler and matrix at their 
interface. The lower tensile strength found in 
this study shows that there is inadequate 
adhesion between the nano-ZnO and_ the 
UHMWPE matrix to promote _ stronger 
interfacial bonding, which would raise the 
tensile strength value. The silane concentration 
utilized, which was 1 wt% but may not be at the 
ideal level to increase tensile strength, may be 
partially to blame for this. It is necessary to look 
into the optimal silane loading in this composite 
system in more detail. 

The tensile and compression moduli of nano- 
ZnO/UHMWPE composites are shown in Figure 
2(b) as functions of filler loading. The tensile 
and compressive modulus of UHMWPE is 
typically increased nonlinearly by ZnO 
nanoparticles. Tensile and compressive 
modulus was increased by 56% and 40%, 
respectively, when 0.7 weight percent of ZnO 
nanoparticles were added to the UHMWPE 
matrix. This is caused by the proliferation of 
rigid ZnO nanoparticles in the UHMWPE matrix. 
The composites’ rigidity and stiffness increased 
as the filler loading was raised as a result. 
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Figure 2: Tensile characteristics of nano-ZnO/UHMWPE nanocomposites as a function of filler 
loading: (a) tensile strength (TS) and compressive strength (CS); (b) tensile modulus (TM) and 


compressive modulus (CM) 


The decrease in elongation at break of 
UHMWPE caused by the addition of nano-Zn0O is 
seen in Figure 2(c). This indicates that the 
ductility and level of plastic deformation 
reduced as the nano-ZnO loadings increased. 
The variations in surface hardness and tensile 
modulus were determined according to the 
internal structure of the bulk and unique 
surface properties respectively. Figure 2(d) 
illustrates the Vickers micro-hardness of 
composites made of nano-ZnO and UHMWPE. 
The Vickers micro-hardness number slowly 
increased after nano-ZnO was added to the 
UHMWPE matrix, as is evident. Vickers micro- 
hardness increases by 47% as compared to pure 
UHMWPE, reaching its peak value at 0.7 weight 
percent filler loading. The increase in micro- 
hardness may be brought on by the rigid nano- 
ZnO fillers in the polymer. Any plastic distortion 
during the indentation was avoided due to the 
addition of nano-Zn0 fillers. As more nano-ZnO 
fillers were loaded, the gap between the fillers 
would get smaller. As a result, it was observed 
that the Vickers micro-hardness number 
increased with increasing nano-ZnO filler 
loadings. 

During the modification process, the silane 
coupling agents and the surface of the 
nanoparticles are stated to go through a 
hydrolysis and condensation reaction in a polar 
solution [32]. The hydrophilic surface of the 
nanoparticles is partially changed to a 
hydrophobic one by the silane bonding, which 


removes the hydroxyl groups from the 
nanoparticles’ surface. Decreased nanoparticle- 
nanoparticle interaction and improved 


nanoparticle dispersibility in the polymer 


matrix are the end consequences of the surface 
treatment. 

Therefore, the reduction of nanoparticle- 
nanoparticle contact and improvement of the 
dispersibility of the nanoparticles in the 
polymer matrix are the results of the surface 
treatment. Thus, as shown in Figure 3b, the 
nanoparticles exhibit good dispersibility in the 
composite films at a relatively low modified 
nano-ZnO content, which led to an 
improvement in the composite films' elongation 
at break and tensile strength. The aggregation of 
the nanoparticles may be the cause of the ZnO 
particles in the UHMWPE matrix enlarging in 
size when the content of modified nano-ZnO 
increases further, as seen in Figure 3(c, d).Nano- 
ZnO particle aggregation can result in a 
reduction in the contact area between the 
nanoparticles and the matrix and flaws in the 
composite films.As a result, the mechanical 
characteristics of the composite films were 
reduced due to the relatively high proportion of 
nano-ZnO. 


Antibacterial Features 

The outcomes of antibacterial tests on 
UHMWPE/modified nano-ZnO nanocomposites 
are shown in Figure 4. With an antibacterial rate 
of less than 7% against Escherichia coli and 
Staphylococcus aureus, respectively, pure 
UHMWPE film is clearly virtually completely 
devoid of antibacterial action. However, as the 
amount of nano-ZnO in the composite films 
grew, the antibacterial rate also did so. The 
antibacterial rate against Escherichia coli is 
85.6%, and against staphylococcus aureus, it is 
88.9% when the nano-ZnO content is 0.7 wt%. 
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The antibacterial activity of nano-ZnO particles then penetrate the cell membranes and react 
is responsible for the composite films’ good with sulfhydryl inside the cell membranes. As a 
antibacterial characteristics. The antibacterial result, the microbe's ability to produce 
activity of ZnO was thought to be caused by the synthetase is severely compromised, which 
following potential causes: the first is that when causes the cells to lose their capacity for cell 
Zn*2 released by ZnO contacts with the cell division and development and ultimately cause 
membranes of microbes, the cell membranes' the microbe to death. The production of 
negative electricity and Zn*2's positive hydrogen peroxide (H202) from ZnO surfaces 
electricity attract one another. The Znt? would may also play a role [33]. 
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Figure 4: Films made of U}HMWPE and modified nano-ZnO has a high antibacterial rate 
against S. aureus and E. coli 


Features of Capillary Rheology fluids with shear-thinning flow behavior and 

Figure 5 depicts logarithmic graphs of the follow the equation of a fluid with a power-law 
melt viscosity of the UHMWPE/modified nano- relationship. It has to do with a change in 
ZnO composite versus the shear rate at 170°C. molecular state brought on by shear, which is 
The melt viscosity clearly decreases with an typically explained in terms of molecular chain 
increase in shear rate when the nano-ZnO entanglement [34]. Due to the entanglement 
concentration is constant, demonstrating that density falling as the shear rate increases, the 
the melts of all these samples are pseudoplastic melt is shear thinned. The melt viscosity of 
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UHMWPE/modified nano-ZnO nanocomposites, 
on the other hand, is slightly higher at a 
constant shear rate than that of pure UHMWPE, 
and it also slightly rises with an increase in the 
nano-ZnO concentration. The interfacial 
interaction between resin and nanoparticles at 
a rather low modified nano-ZnO level is mostly 
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to blame for this. A further rise in the quantity 
of modified nano-ZnO causes an increase in the 
interfacial contact as well as the melt viscosity, 
which is attributable to the ZnO particles 
rubbing up against one another as a result of the 
aggregation of nano-ZnO particles [35]. 


~~-iie=-- UHMWPE 

---@--- Silane modified 0.3 wt% 
---¥--- Silane modified 0.5 wt% 
---@--- Silane modified 0.7 wt% 


Ig 11,/Pa-s 


Ig v/s 


3.0 3.5 


Figure 5: Melt flow curves of composites made of UHMWPE and modified Nano-ZnO at 170°C 


Figure 6 depicts the relationship between the 
temperature and the melt viscosity of the 
composites at a 242 s shear rate. The figure 
shows that as temperature rises, melt viscosity 


falls. Because the contact between the chains 
shrinks and the free volume of the melt expands 
as the temperature raises, the chain segment's 
ability to move is enhanced. 


750 


n,/Pa-s 


650 


600 LEZ Ze 
150 155 160 165 170 
t/°c 
Figure 6: The impact of temperature on UHMWPE/modified nano-ZnO composites’ melts viscosity 
(y = 242.3 s1) 


CONCLUSION 

In this study, compression molding was used 
to generate UHMWPE/modified nano-ZnO 
nanocomposites with low doped nano-ZnO 
concentration utilizing UHMWPE and_ 3- 
aminopropyltriethoxy silane coupling agent- 
modified nano-ZnO. The mechanical and melt 


rheological properties of the nanocomposites 
were evaluated using a capillary rheometer and 
a universal material testing equipment. 
Additionally, the plate-counting method was 
employed for the antimicrobial test. The 
investigation at hand could lead to the following 
conclusions: 
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a) 


b) 


c) 


d) 


ZnO nanoparticles have improved the 
UHMWPE's mechanical attributes, such as 
its micro-hardness and compression 
characteristics. At 0.5 weight percent nano- 
ZnO filler loading, the maximum 
compressive strength is observed. 
Compressive modulus, tensile modulus, and 
Vickers micro-hardness of the nano- 
ZnO/UHMWPE nanocomposites all rose 
with increasing filler loading. Nano-ZnO was 
added, but the tensile strength and 
elongation at break of UHMWPE were 
reduced. 

According to the antibacterial test results, 
the modified nano-low ZnO's doping 
content would give the nanocomposites a 
favorable action against both S. aureus and 
E. coli. 

The melts of the nanocomposite display 
pseudoplastic behavior in accordance with 
the capillary rheological test. The low doped 
level of modified nano-ZnO in the UHMWPE 
matrix did not considerably affect the 
processability of the UHMWPE 
nanocomposites, as evidenced by the 
finding that the melt viscosity only slightly 
increased as the nano-ZnO content rose. 
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